In forested regions, transpiration as a main component of evaporation fluxes is important for evaporation partitioning. Physiological behaviours among various vegetation species are quite different. Thus, an accurate estimation of the transpiration rate from a certain tree species needs specific parameterization of stomatal response to multiple environmental conditions. In this study, we chose a 300-m 2 beech forest plot located in Vydra basin, the Czech Republic, to investigate the transpiration of beech (Fagus sylvatica) from the middle of the vegetative period to the beginning of the deciduous period, covering 100 days. The sap flow equipment was installed in six trees with varying ages among 32 trees in the plot, and the measurements were used to infer the stomatal conductance. The diurnal pattern of stomatal conductance and the response of stomatal conductance under the multiple environmental conditions were analysed. The results show that the stomatal conductance inferred from sap flow reached the highest at midday but, on some days, there was a significant drop at midday, which might be attributed to the limits of the hydraulic potential of leaves (trees). The response of stomatal conductance showed no pattern with solar radiation and soil moisture, but it did show a clear correlation with the vapour deficit, in particular when explaining the midday drop. The relation to temperature was rather scattered as the measured period was in the moderate climate. The findings highlighted that the parametrization of stress functions based on the typical deciduous forest does not perfectly represent the measured stomatal response of beech. Therefore, measurements of sap flow can assist in better understanding transpiration in newly formed beech stands after bark beetle outbreaks in Central Europe.
Introduction
Transpiration is a main component of evaporation fluxes in vegetated areas [1] , in particular in the forested region with a dense vegetation cover [2] . A global-scale study indicated that transpiration accounted for 60-80 % of the total evapotranspiration from the land surface [3] . The transpiration process is rather complex and involves the biophysical properties of leaf stomata in response to multiple environmental stresses in terms of the availability of water, carbon, and energy [4] . Transpiration is conducted through the opening leaf stomata, where carbon dioxide (CO 2 ) enters for photosynthesis. This process is supplied by water flux from the deep soil up to the root zone and includes sap flow and root water uptake [5] . The transpiration rates are governed by the physiological behaviour of leaf stomata, which is dictated by the meteorological conditions and soil moisture [6, 7] .
Quantification of the evapotranspiration rate in forest area is essential in hydrological and ecological studies. The Penman-Monteith equation is the most widely used evapotranspiration model in hydrological studies [8, 9] . Hydrologists often use an analytic expression of latent heat fluxes λE (where λ is the latent heat for vaporization, in MJ kg −1 ) to consider the evapotranspiration system as a single layer (single source) [10] . Many previous studies showed that evapotranspiration calculated with the Penman-Monteith equation can match measurements with a satisfying accuracy in temperate humid areas with a dense vegetation cover [11] [12] [13] . However, the influence of multiple environmental factors on physiological characteristics varies among vegetation species and the characteristics, therefore, need to be parameterised correctly with regard to a study site.
In general, energy transfer in a soil-vegetation-atmosphere system can be quantified with the electrical analogy method, in which the transpiration rate is dictated with a critical parameter named stomatal conductance (g c , in m s −1 ) or stomatal resistance (r c = 1/g c , in s m −1 ) [7, 14] . In a forest area, g c for a certain tree species may be quantitatively determined by a traditional method using an inverse calculation of the simplified version of the Penman-Monteith equation using the in situ measured transpiration rate [15] . In the last few decades, sap flow measurement technology has become the most common method to determine transpiration [16] . The measured sap flow rate of individual trees can upscale to an experimental area to provide species-specific transpiration rates, which can be used to inversely estimate the response of g c to multiple environmental stresses during a continuous time span. Kucera et al. [17] used a novel approach where a direct parameterization of the Penman-Monteith equation was developed to compute the diurnal courses of stand canopy conductance from sap flow. Previous studies also showed that the inversely estimated g c commonly shows complex patterns that are intimately related to meteorological variables (i.e., solar radiation, wind speed, the concentration of carbon dioxide in air, air humidity, and temperature), and soil moisture stress [12, [18] [19] [20] . Moreover, the distinct canopy characteristics (e.g., leaf area and leaf morphology) [21] [22] [23] and stand characteristics (e.g., stand age and structure) [23, 24] also affect transpiration.
This study focused on the analysis of leaf stomatal behaviour based on the sap flow experimental data from an ecological changing area under natural disturbance. The study area is located in the upper Vydra basin (Czech Republic). Due to a bark beetle outbreak in the area, the spruce trees (Picea abies) have dried up and trunks have fallen down, and new beech stands (Fagus sylvatica) have been developed from the formal mixed forest stands mainly consisting of spruce and beech trees. Research studies, which have been focused on the bark beetle outbreak at the Šumava Mts., have mainly studied its impact on water regime [25] [26] [27] , water chemistry [28] , soil moisture or temperature [29, 30] , or forest grow after the disturbance [31] . In general, several studies also show changes in the water regime of mixed (spruce/beech) forest [32] [33] [34] or comparisons between beech and spruce stands [35] . After the forest disturbance, the study area experienced no change or trend of long-term water balance [26] , and stream geochemistry changed with long-lasting effects [27] . However, there were detected shifts in the runoff generation processes, mainly in the root zone [27] . For a better understanding of the mechanisms, detailed information on the evapotranspiration process in the area that is undergoing such an intense transition in the vegetation structure is needed.
This research study was thus aimed to assess the evapotranspiration process in the newly formed beech stands in the area affected by bark beetle outbreak. The key research questions were: (i) how to intensively quantify the transpiration rates for a newly formed beech stand in this locality, and (ii) why it is important to evaluate the stomatal behaviour when measuring sap flow.
As far as we know from the literature review, there is no similar study of beech stand transpiration in a location working with a newly formed beech stand as a principal factor of transpiration. A field experiment was set up aimed at the following objectives:
1.
Quantifying stomatal conductance, g c , of the newly formed beech forest from a vegetative period to a deciduous period; 2.
Determining the patterns of the diurnal variation of stomatal conductance for different vegetation periods;
3.
Evaluating the impact of environmental factors on stomatal conductance.
A direct comparison with similar measurements at spruce stands could not be achieved due to the bark beetle outbreak. Therefore, in this study, we conducted a sap flow experiment in a plot covered by beech forest, varying in ages over the middle of summer and the beginning of autumn (day of year DOY 203-302, i.e., 23 July-30 October) in the year of 2015. In situ measurements of sap flow and meteorological forcing variables were used to inversely estimate stomatal conductance, g c .
Materials and Methods

Study Site
The study area (49.0230908 N; 13.4075242 E) was located in an experimental catchment of Rokytka (ROK), in the upper Vydra basin, the headwaters of the Šumava Mts., Czech Republic (Figure 1) . The area features a typical mid-latitude montane climate with distinct seasons [27] . The annual mean precipitation is 1370 mm/year and the annual mean air temperature is 3.6°C [26] . The studied area has been affected by extensive spruce forest disturbance resulting from repeated bark beetle outbreaks [36] . As a result, the formerly mixed forest (spruce and beech) has become dominated by beech stands. Our research study has been focused mainly on forest development after the last outbreak. At the study site, the local mixed forest was created mostly by spruce and beech species supplemented by other tree species such as fir (Abies alba), mountain ash (Sorbus aucuparia) or acer (Acer). Due to the forest management in the past, the forest at the study site was mostly by spruce stands or spruce-beech mixed forest stands. After the last bark beetle outbreak, the forest structure contains two dominant elements:
"Dead" forest stands (at locations with former spruce forests) with grass cover and rarely a solitary tree; 2.
Beech forests at locations of former mixed forests.
Our study plot belongs to the latter case, and we aimed to observe the transpiration process in such locations after a bark beetle outbreak. A direct comparison with similar measurements at spruce stands could not be achieved due to the bark beetle outbreak. Therefore, in this study, we conducted a sap flow experiment in a plot covered by beech forest, varying in ages over the middle of summer and the beginning of autumn (day of year DOY 203-302, i.e., 23 July-30 October) in the year of 2015. In situ measurements of sap flow and meteorological forcing variables were used to inversely estimate stomatal conductance, gc.
Materials and Methods
Study Site
The study area (49.0230908 N; 13.4075242 E) was located in an experimental catchment of Rokytka (ROK), in the upper Vydra basin, the headwaters of the Šumava Mts., Czech Republic ( Figure 1 ). The area features a typical mid-latitude montane climate with distinct seasons [27] . The annual mean precipitation is 1370 mm/year and the annual mean air temperature is 3.6 ℃ [26] . The studied area has been affected by extensive spruce forest disturbance resulting from repeated bark beetle outbreaks [36] . As a result, the formerly mixed forest (spruce and beech) has become dominated by beech stands. Our research study has been focused mainly on forest development after the last outbreak. At the study site, the local mixed forest was created mostly by spruce and beech species supplemented by other tree species such as fir (Abies alba), mountain ash (Sorbus aucuparia) or acer (Acer). Due to the forest management in the past, the forest at the study site was mostly by spruce stands or spruce-beech mixed forest stands. After the last bark beetle outbreak, the forest structure contains two dominant elements:
1) "Dead" forest stands (at locations with former spruce forests) with grass cover and rarely a solitary tree; 2) Beech forests at locations of former mixed forests. Our study plot belongs to the latter case, and we aimed to observe the transpiration process in such locations after a bark beetle outbreak. The study site is on a south-facing slope (approximately 3.5°), at an elevation of approximately 1100-1250 m above sea level. The area is covered by dense beech forest (Fagus sylvatica), with blueberries (VacciniummyrtillusL.) and woodrush (Luzula) at substrate.
Soil was identified as Entic Podzol, with a thin layer (0-8 cm) of organic matter on the top ( Figure  2a ) [37] . The soil is relatively homogenous based on soil texture analysis (Figure 2b ). Due to the granite dominated bedrock, the soil contains only a few clay particles (particle diameter <0.002 mm). Therefore, due to the high content of silt particles (particle diameter = 0.002-0.05), porosity and The study site is on a south-facing slope (approximately 3.5 • ), at an elevation of approximately 1100-1250 m above sea level. The area is covered by dense beech forest (Fagus sylvatica), with blueberries (Vacciniummyrtillus L.) and woodrush (Luzula) at substrate.
Soil was identified as Entic Podzol, with a thin layer (0-8 cm) of organic matter on the top (Figure 2a ) [37] . The soil is relatively homogenous based on soil texture analysis (Figure 2b ). Due to the granite dominated bedrock, the soil contains only a few clay particles (particle diameter <0.002 mm). Therefore, due to the high content of silt particles (particle diameter = 0.002-0.05), porosity and infiltration rates are rather low. The soil profile has no visible transition between soil, bedrock or water table up to a depth of 20 m below the surface [37] . 
Experiment Instrumentation and Data
In the study area, a meteorological station (M4016-G, Fielder) at Rokytka (ROK) operated by Charles University in Prague (CUNI) captured data on precipitation, air temperature, net radiation (calculated by the energy balance among the incoming and outgoing shortwave and longwave irradiance), wind speed, and relative air humidity with 10-min intervals. Two tensiometers (T8 Tensiometer, UMS) at the study site measured soil pore water pressure and soil temperature at depths of 20 cm and 60 cm in the soil with 30-min interval (Figure 3a) . Water retention curves at two depths were measured in the lab using a pressure plate extractor (1500F1-Soil Moisture Comp.) and created in RETC software using van Genuchten´s formula [38] , visible in Figure 2c .
In our study plot, the square area (30 × 30 m) of 900 m² consisted of 32 beech trees with the mean age of 55 years and the mean trunk diameter of 0.9 m (at the height of 1 m) (Figure 3a ,c). Six trees were selected based on the representative diameter at breast height (DBH), trunk curvature, etc., and sap flow equipment was installed on these six selected trees with different ages and trunk diameters (see a photo in Figure 3b ).
Sap flow was measured using the stem tissue heat balance method (THB) with constant heating power, as described by Čermák, et al. [39] .The data were recorded on a data logger every 30 min, at the height of 1.0 m above ground (Figure 3b ), using EMS 81 sap flow equipment (EMS Brno, CZ). Each EMS 81 equipment includes 4 heat sensors (see the equipment in Figure 3b ). The THB method quantifies the amount of heat transported by water flow across a predefined area within the xylem conduit, as a percentage of the total heat supplied. In this study, the sap flow rate Q (kg s -1 ) is calculated by
where P(W) is power of heat input, cw (J kg -1 K -1 ) is the specific heat of water, ø(W K -1 ) is the coefficient of heat loss from the measuring point, T (K) is the temperature gradient at the measuring point, and d (cm) is the effective width of the measuring point (d = 5.5 cm in this study). The first term in the 
In the study area, a meteorological station (M4016-G, Fielder) at Rokytka (ROK) operated by Charles University in Prague (CUNI) captured data on precipitation, air temperature, net radiation (calculated by the energy balance among the incoming and outgoing shortwave and longwave irradiance), wind speed, and relative air humidity with 10-min intervals. Two tensiometers (T8 Tensiometer, UMS) at the study site measured soil pore water pressure and soil temperature at depths of 20 cm and 60 cm in the soil with 30-min interval ( Figure 3a ). Water retention curves at two depths were measured in the lab using a pressure plate extractor (1500F1-Soil Moisture Comp.) and created in RETC software using van Genuchten´s formula [38] , visible in Figure 2c .
In our study plot, the square area (30 × 30 m) of 900 m 2 consisted of 32 beech trees with the mean age of 55 years and the mean trunk diameter of 0.9 m (at the height of 1 m) (Figure 3a ,c). Six trees were selected based on the representative diameter at breast height (DBH), trunk curvature, etc., and sap flow equipment was installed on these six selected trees with different ages and trunk diameters (see a photo in Figure 3b ).
Sap flow was measured using the stem tissue heat balance method (THB) with constant heating power, as described byČermák, et al. [39] . The data were recorded on a data logger every 30 min, at the height of 1.0 m above ground (Figure 3b ), using EMS 81 sap flow equipment (EMS Brno, CZ). Each EMS 81 equipment includes 4 heat sensors (see the equipment in Figure 3b ). The THB method quantifies the amount of heat transported by water flow across a predefined area within the xylem conduit, as a percentage of the total heat supplied. In this study, the sap flow rate Q (kg s −1 ) is calculated by
where P(W) is power of heat input, c w (J kg −1 K −1 ) is the specific heat of water, ø (W K −1 ) is the coefficient of heat loss from the measuring point, T (K) is the temperature gradient at the measuring point, and d (cm) is the effective width of the measuring point (d = 5.5 cm in this study). The first term in the right hand side of Equation (2) quantifies the heat conducted by sap flow, while the second term in right hand side of Equation (2) represents the heat loss from the sensor [39] .
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Canopy Stomatal Conductance Calculation
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Classified groups of the trunk DBH and calculated canopy conductance from sap flow for each group (step 10 cm); 2.
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Recalculated canopy conductance from groups to tree DBH.
In this study plot, the beech stand covered approximately 0.4 km 2 . The leaf area index (LAI) was measured by the hemispherical photos. The photos were taken by a Nikon COOLPIX 995 camera (Nikon, Japan) with Nikon Fisheye lens Converter FC-E8 (Nikon, Japan) 0.21x in a square (30 × 30 m) in a step of 10 m. Thus, 16 pictures were taken and analysed for leaf area index in Gap Light Analyser (GLA) software [40] .
In vegetated areas, the transpiration rate is dictated by the parameter of stomatal conductance, g c (m s −1 ). If the transpiration rate (e.g., from sap flow measurement) and climatic measurements are available, the stomatal conductance can then be inversely estimated by rearranging the Penman-Monteith-type equation:
where E (mm s −1 ) is the stand transpiration calculated from the sap flow measurements; ∆ (kPa K −1 ) is the gradient of the saturation vapour pressure-temperature curve; e s (kPa) is the vapour pressure of evaporative surface; e a (kPa) is the vapour pressure of atmospheric air; e s − e a (kPa) is the vapour pressure deficit (D); ρ a (kg m −3 ) and C p (MJ kg −1 K −1 ) are the density and specific heat capacity of the atmospheric air;γ (kPa K −1 ) is the psychrometric constant; g c (m s −1 ) is stomatal conductance, and g a (m s −1 ) is the aerodynamic conductance that is a function of wind speed at the canopy height, u hc (m s −1 ), and R can (W m −2 ) is the net radiation received by canopy layer:
where R net (W m −2 ) is the net radiation of the land surface, and C r is the extinction coefficient of the vegetation for net radiation, and the typical value for forest is 0.5 [41] . Using this equation here, we simply assume the net radiation received by canopy layer is a constant fraction of the net radiation of the land surface, which means that the effect of leaf angle distribution on shortwave irradiance was neglected.
The aerodynamic resistance (r a = 1/g a ) is calculated by:
where σ c (=0.5) is the shielding factor; w L is the characteristic leaf width with a typical value of 0.2 m for a broadleaf forest [42] ; n e is the eddy diffusivity decay constant that may be set to 4.25 for forest area [43] ; and I LAI (-) is the leaf area index. The canopy conductance of a beech forest was examined at hourly time steps and daily steps on a 30 × 30-m canopy with a LAI of 3.2 in three months of 2015. Sap flow measurement was conducted in a plot over the middle of summer and the beginning of autumn (day of year DOY 203-302, i.e., 23 July-30 October) in the year of 2015.
The stomatal conductance is controlled by stomatal aperture in response to the availability of energy, carbon, and water in soil [14, 17] . Considering the impact of multiple environmental factors on stomatal conductance, this study adopted the Jarvis-Stewart model [43, 44] , which consists of multiplicative nonlinear functions of environmental variables [19, 20, 43, 45] :
where I LAI is the leaf area index (I LAI = 2.2 measured in this study), and g c,max (m s −1 ) denotes the theoretical maximum g c under the optimal water, nutrient, and climatic conditions. The functions F i are a set of scaling terms that reduced a maximum value of canopy conductance (g c,max ) in response to changes in net radiation (R s ), vapour pressure deficit (D), temperature (T), and soil water content (θ). The values of functions F i range between 0 and 1. Therefore, any changes in the values of R s , D, T, and θ will proportionally modify the parameters g c,max to give an estimation of the g c controlling transpiration rate. The multiplicative stress functions are taken from previous studies [42, 44, [46] [47] [48] .
Results
Meteorological Parameters, Soil Moisture and Sap Flow
The mean maximum daily solar radiation for both the vegetation period (DOY203-272) and leaf-fallen period (DOY 273-302) was similar to the 5-year (2013-2017) average value (see Table 1 ).
In the studied period, the maximum daily solar radiation peaked to more than 1100 W m −2 when it was sunny at noon (during the summer), while during the rainy or cloudy days, the daily maximum solar radiation bottomed out to lower than 200 W m −2 .
Generally, there was a clear decreasing trend of the air temperature over the period. During the vegetation period before DOY 272) (Figure 4) , the daily mean air temperature was approximately 13.3°C, ranging between 6 and 31.3°C, which was still comparable with the 5-year average of 15.7°C for this period. Temperature started to drop significantly after DOY 280, along with the reduced daily maximum solar radiation. During the period of DOY 273-302, the daily mean air temperature was approximately 4.6°C, ranging between −6 and 18.7°C. A lower temperature during the days of our measurements was quite common, while morning values got usually below zero from August. The wind speed in the study area over the study period had no clear pattern and the trend fluctuated with an average of 1.2 m s −1 , which was similar to the past 5-year average of 1.5 m s −1 for this period. The study area was located in a relatively humid area [26, 27] , which was evident during the study period in 2015 (see both Figures 4d and 5b) . The measured daily mean relative humidity remained at over 77% for two periods. The daily variability of the relative humidity was larger during autumn than in summer.
Rainfall in the study area featured a temperate mountainous pattern and the total rainfall was 224.6 mm during the measured period ( Figure 5 ), which was slightly lower than the 5-year average of 310 mm. DOY 230-243 ( Figure 5 ) experienced a rainless period. The consecutive rain events happened on DOY 278-281, and soil moisture increased significantly. Over the study period, the mean soil moisture content at 60 cm depth was 0.22, while it was 0.36 at 20 cm depth ( Figure 5 shows the averaged values), which was much smaller than their 5-year averages. The 5-year average of soil moisture is 0.62 at 20 cm depth and 0.27 at 60 cm depth. During the study period, after consecutive rain events, the soil moisture content increased up to 0.35 (0.30 at 60 cm depth and 0.40 at 20 cm depth; Figure 5 ), which was similar to the 5-year average for the deep soil but the upper soil was still dryer than the 5-year average. Generally, there was a clear decreasing trend of the air temperature over the period. During the vegetation period before DOY 272) (Figure 4) , the daily mean air temperature was approximately 13.3 ℃, ranging between 6 and 31.3 ℃, which was still comparable with the 5-year average of 15.7 ℃ for this period. Temperature started to drop significantly after DOY 280, along with the reduced daily maximum solar radiation. During the period of DOY 273-302, the daily mean air temperature was approximately 4.6 ℃, ranging between −6 and 18.7 ℃. A lower temperature during the days of our measurements was quite common, while morning values got usually below zero from August. The wind speed in the study area over the study period had no clear pattern and the trend fluctuated with an average of 1.2 m s -1 , which was similar to the past 5-year average of 1.5 m s -1 for this period. The study area was located in a relatively humid area [26, 27] , which was evident during the study period in 2015 (see both Figure 4d and Figure 5b ). The measured daily mean relative humidity remained at over 77% for two periods. The daily variability of the relative humidity was larger during autumn than in summer. Table 1 . Table 1 . Rainfall in the study area featured a temperate mountainous pattern and the total rainfall was 224.6 mm during the measured period ( Figure 5 ), which was slightly lower than the 5-year average of 310 mm. DOY 230-243 ( Figure 5 ) experienced a rainless period. The consecutive rain events happened on DOY 278-281, and soil moisture increased significantly. Over the study period, the mean soil moisture content at 60 cm depth was 0.22, while it was 0.36 at 20 cm depth ( Figure 5 shows the averaged values), which was much smaller than their 5-year averages. The 5-year average of soil moisture is 0.62 at 20 cm depth and 0.27 at 60 cm depth. During the study period, after consecutive rain events, the soil moisture content increased up to 0.35 (0.30 at 60 cm depth and 0.40 at 20 cm depth; Figure 5 ), which was similar to the 5-year average for the deep soil but the upper soil was still dryer than the 5-year average.
The diurnal pattern of the measured sap flow in the six trees were similar but with significant differences in the exact maximum values due to the size of the trees ( Figure S1 ). Therefore, transpiration was measured with the sap flow sensors and scaled to the study plot by considering all the existing trees in the plot. The calculated transpiration reached its maximum values approximately 0.32 mm/h during sunny days. In those days, the daily variability was higher than in the rainy days and in non-vegetation periods ( Figure 5 ). Transpiration was dramatically decreased when the leaves started to fall down from DOY 270 and by the DOY 280, the leaves had all fallen and transpiration dropped to nearly zero.
The transition from the vegetative period to the deciduous period (when sap flow measurement reached 0) happened slightly differently in each tree over 8 days between DOY 277 and DOY 284. Two factors could be connected to the leaf fall, the long-term rain from DOY 279 to DOY 280, with a total rainfall of 39 mm, and the air temperature as freezing nights occurred more often after October The diurnal pattern of the measured sap flow in the six trees were similar but with significant differences in the exact maximum values due to the size of the trees ( Figure S1 ). Therefore, transpiration was measured with the sap flow sensors and scaled to the study plot by considering all the existing trees in the plot. The calculated transpiration reached its maximum values approximately 0.32 mm/h during sunny days. In those days, the daily variability was higher than in the rainy days and in non-vegetation periods ( Figure 5 ). Transpiration was dramatically decreased when the leaves started to fall down from DOY 270 and by the DOY 280, the leaves had all fallen and transpiration dropped to nearly zero.
The transition from the vegetative period to the deciduous period (when sap flow measurement reached 0) happened slightly differently in each tree over 8 days between DOY 277 and DOY 284. Two factors could be connected to the leaf fall, the long-term rain from DOY 279 to DOY 280, with a total rainfall of 39 mm, and the air temperature as freezing nights occurred more often after October (i.e., DOY 273).
Diurnal Behaviours of Stomatal Conductance and Responses of Canopy Conductance
The diurnal variation of stomatal conductance had common patterns for different vegetation periods (Figure 6 ). The lower value in the morning and the afternoon and a higher value at midday depended on the diurnal pattern of solar radiation and relative humidity (given in Figure 7 ). The lower stomatal conductance at midday (13.00) than before and after approximately 13.00, Figure 6c for instance, can be attributed to the higher vapour deficit. In some extreme cases, the hydraulic potential on leaf surface is much higher than the potential at root layer due to, for instance, low humidity or high wind speed. Trees cannot sustain such a pressure and start to decrease the transpiration process. In autumn periods (Figure 6d) , the inversely calculated stomatal conductance values approach smaller values. The physiological behaviour of trees has a significant transition because the trees lose leaves every year with the change of the seasons. The transition in stomatal behaviour during the deciduous period has a significant impact on transpiration. However, the estimation of stomatal conductance did not account the transition from the vegetative period to the deciduous period. The canopy conductance was responding to the net radiation, vapour pressure deficit, and soil moisture (Figure 7) . A typical parameter set for the deciduous broadleaf forests in a lookup table [42] of the parameterization of the Jarvis-Stewart model provided a boundary reference for each stress parameter ( Table 2 ). The scatter in the plot of F 1 -R s (Figure 7a ) was rather large, and we cannot find a clear relationship between solar radiation and normalized stomatal conductance. The F 1 function (line in Figure 7a) showed that the g c responses to R s are almost identical, showing that R s increases along with g c asymptotically from zero to a maximum. The functional forms (line in Figure 7b ,c) of F 2 (D) and F 3 (T) are described well to the scatters described by the measured data, describing the response of vapour pressure deficit and temperature to the canopy conductance. The impact of soil moisture stress on transpiration (stress function F4) is very small, and the dots fall into a small range (Figure 7d ), because the soil moisture in the study area remains at a relatively high level (over 0.27). The function covers the full range of the soil moisture response, which did not occur in the study period.
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Discussion
Stomatal behaviour varies among tree species due to different parametrizations of gc [24] . Many physiological models for describing the response of stomatal conductance, gc, to environmental stress have been proposed, such as the Jarvis-Stewart model [43] , and the Ball-Berry model [49] . For general The line for each sub-figure was using the parameter given by Zhou et al. [42] , see Table 2 . Table 2 . The stress functions of canopy conductance to net radiation (Rs), vapor pressure deficit (D), temperature (T), and soil moisture (θ) with calibrated parameters and Zhou et al. [42] 's parameters (see the blue line and line given in Figure 6 ).
Stress function (Typical Parameters)
Reference Stress Function (Zhou et al. [42] 's Parameters)
1 k c is a fitted parameter describing the curvature. 2 k is a free parameter describing the decrease in g c with increasing D. 3 T min and T max (K) are minimum and maximum temperatures that indicate the temperatures below and above which complete stomatal closure occurs, and T opt is the optimum temperature that indicates the temperature of the maximum stomatal opening. Canopy temperature was assumed to equal air temperature, since temperature gradients are usually small in forest canopies [47] . 4 θ f is the field capacity below which the plant transpires less than its maximum value, and θ r is the residual soil moisture content, i.e., the point below which the plant stops transpiration. 5 The function was defined for condition of 273 < T < 298.
Discussion
Stomatal behaviour varies among tree species due to different parametrizations of g c [24] . Many physiological models for describing the response of stomatal conductance, g c , to environmental stress have been proposed, such as the Jarvis-Stewart model [43] , and the Ball-Berry model [49] . For general vegetation types (e.g., broadleaf forests, needle leaf forests, shrub lands, croplands, grasslands, etc.), the parametrizations of g c were available in a lookup table [5, 21, 24, 42, 50, 51] . These standard parametrizations have been used to estimate the moisture flux from land surface at a catchment scale or even at a global scale [51] [52] [53] . However, stomatal behaviour commonly shows distinct properties even within a certain tree species [54, 55] . For a certain study site, general parametrization of one type of vegetation species may not be fully represented [42] . In particular, for an area that has experienced severe changes in the distribution of tree species under climate change and insect-induced forest disturbance, it is necessary to inversely estimate g c from sap flow measurement for special tree species.
This study explored the response of leaf stomata to multiple environmental factors of solar radiation, vapour pressure deficit, air temperature and soil moisture, and the key finding from this study was that the measured stomatal behaviour (see in Figure 7 ) showed a large discrepancy compared with the typical parameter set of the deciduous forest which was often used. We found that the leaf stomatal conductance inferred from sap flow data did not show clear responses to solar radiation and soil moisture, and even show a less clear response to the air temperature. Stomatal conductance calculated from sap flow show lower values than it can be estimated from Zhou´s parameters [42] . A lower stomatal conductance at midday can be explained by a limitation of photosynthesis due to the stomatal closure to prevent the water loss from intensive solar radiation and high temperatures. In general, energy supply theoretically limits evaporation during low radiation periods (when Rs <200 W m −2 ), in contrast with high radiation periods (when Rs >200 W m −2 ). However, the principle in forest areas and high latitude regions may be not the same. Köstner [56] also found that on the daily basis, stomatal conductance and Rs for beech forest in Germany showed a near linear relation and available energy was not a limiting factor for transpiration considering only 40~75% of net radiation was used for beech transpiration.
The results of stomatal response showed that the soil moisture did not constrain transpiration considering its value was relatively high during the study period. Williams, et al. [57] also found soil moisture was not a frequent stress factor in many forest stands including beech due to relatively abundant rainfall, which was consistent with the previous studies conducted in Central Europe that [56, 58, 59] . The soil moisture content and sap flow of trees are less comparable in beech stand than in spruce stands. The reason for this could be the high rooting depth of beech tree stand. Spruces create shallow rooting zones (<50 cm). Therefore, they suck water from upper soil layers and can be comparable with the evaporation process from soil surface. On the other hand, beech stands receive non-negligible quantity of water from deeper horizons (from regolith) and therefore they dry less at soil surface or upper soil horizons. This could be a reason for why g c does not perfectly fit to soil moisture. Notwithstanding that our measurements were determined during a period with less rainfall, the root system of a beech can reach a depth of several meters [60, 61] , sucking water from lower layers. This study was focused in a soil profile up to the depth of 1 m which is drained generally by fine shallow root systems [60] . On the other hand, we assumed lower evaporation from soil surface could be shaded by trees, covered with fallen leaves and dead wood. In addition, our data did not show any shifts in soil tension described by Or, et al. [62] .
From the previous study concerning subsurface flow mechanisms in this study site [37] , the dominant subsurface flow is biomat flow (i.e., shallow subsurface flow) and deep percolation. Biomat flow is mostly caused by stormflow events [63] , and deep percolation is connected with slow infiltration and long-term water storage (e.g., from snow melt). It is evident that each tree species (spruce x beech) is connected with different sources of water, and respectively different flow mechanisms in soil. If spruce stands were replaced by beech stands, it would have an impact on water storage in soil or regolith. It is possible to consider that beech stands together with decreasing snow cover can contribute to a change in runoff formation, respectively, to emptying deep water aquifers.
The response of g c to vapour pressure deficit (VPD) demonstrated clear patterns. The increasing VPD shows similar trend with other studies [42, 64] that have found an exponential response. However, a linear relationship was also often adopted in many prior studies to describe the constrain of VPD on g c [42] . The response of g c to air temperature may be described with a quadratic function or a bell-shape function, and our study showed a slight scattered relation. Kučera, et al. [17] mentioned that the estimated time lags between the sap flow and climate variables were 60 min for Rg and 30 min for D, and such hysteresis loops that we did not consider. This issue will influence the accuracy of the simulated timing.
Conclusions
This study focused on estimating the stomatal conductance using the measured sap flow at a newly formed beech stand, Šumava Mts. (the Czech Republic). Due to a bark beetle outbreak in the area, mixed forest stands (spruce and beech) have transformed into beech stands. From the differences of the rooting depth of each kind of tree, an impact on long-term water regime is expected. Trees can change soil moisture distribution or water storage in aquifers by transpiration. Therefore, our study was focused on the stomatal conductance of newly formed beech stands. The measured sap flow data were used to inversely estimate the stomatal conductance through the Penman-Monteith equation. The stomatal conductance reached the highest value at midday but, on some days, there was a sudden drop at midday. A drop of stomatal conductance at midday can be explained by a limitation of photosynthesis due to the stomatal closure to prevent the water loss from the most intensive solar radiation and higher temperature. We also found that the calculated stomatal conductance decreased dramatically in the deciduous period, as the estimation based on the Penman-Monteith equation did not account for the vegetation transition from the vegetative period to the deciduous period.
The parameterization of the Jarvis-Stewart model was used to describe the response of stomatal conductance under the varying environmental conditions of net radiation, vapour pressure deficit, temperature, and soil water content. The stomatal conductance showed a good relationship (connection) with vapour deficit but low correlation with soil moisture. The temperature showed a certain relation but not one as strong as the vapour deficit, which might be due to the smaller range during our study period that went without experiencing a wide spectrum of temperature. The soil moisture did not constrain transpiration considering its value is relatively high during the study period. Therefore, in the study area, vapour deficit and temperature are two key factors impacting the transpiration processes. The most important finding is that the parametrization of stress functions based on the typical deciduous forest does not perfectly represent the measured stomatal response of newly formed beech stands. Therefore, the sap flow results can provide valuable data to better understanding the evapotranspiration process in newly formed beech stands after the bark beetle outbreak in Central Europe.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/5/243/s1, Figure S1 : The diurnal pattern of the measured sap flow in 6 trees (the sizes of the six trees in corresponding numbers are given in Figure 3a. ) at two selected days -DOY 205 and DOY 207.
